Parasitic helminths cause debilitating diseases that affect millions of people in primarily low-resource settings. Efforts to eliminate onchocerciasis and lymphatic filariasis in Central Africa through mass drug administration have been suspended because of ivermectin-associated serious adverse events, including death, in patients infected with the filarial parasite Loa loa. To safely administer ivermectin for onchocerciasis or lymphatic filariasis in regions coendemic with L. loa, a strategy termed "test and (not) treat" has been proposed whereby those with high levels of L. loa microfilariae (>30,000/ml) that put them at risk for life-threatening serious adverse events are identified and excluded from mass drug administration. To enable this, we developed a mobile phone-based video microscope that automatically quantifies L. loa microfilariae in whole blood loaded directly into a small glass capillary from a fingerprick without the need for conventional sample preparation or staining. This point-of-care device automatically captures and analyzes videos of microfilarial motion in whole blood using motorized sample scanning and onboard motion detection, minimizing input from health care workers and providing a quantification of microfilariae per milliliter of whole blood in under 2 min. To validate performance and usability of the mobile phone microscope, we tested 33 potentially Loa-infected patients in Cameroon and confirmed that automated counts correlated with manual thick smear counts (94% specificity; 100% sensitivity). Use of this technology to exclude patients from ivermectin-based treatment at the point of care in Loa-endemic regions would allow resumption/expansion of mass drug administration programs for onchocerciasis and lymphatic filariasis in Central Africa.
INTRODUCTION
Diseases caused by the filarial nematodes Loa loa, Onchocerca volvulus, and Wuchereria bancrofti are a major public health and socioeconomic burden in co-endemic regions of Africa. The severity of symptoms and long-term consequences for patients depend on both the parasite and the parasitic load. L. loa, the causative agent of loiasis, is highly endemic in Central Africa (Cameroon, Gabon, Republic of the Congo, Central African Republic, and Democratic Republic of the Congo, in particular). Although the manifestations of L. loa infection are often subclinical or relatively muted, including subconjunctival migration of an adult worm ("eyeworm") and/or transient angioedema (Calabar swellings), loiasis has been associated in some cases with serious renal, cardiac, and neurologic abnormalities (1, 2) . Onchocerciasis or "river blindness," caused by O. volvulus, is the second most common cause of infectious blindness worldwide and can result in disfiguring, highly pruritic skin disease (3) . Lymphatic filariasis (LF), caused by W. bancrofti, is the second leading cause of disability worldwide, infecting 120 million worldwide and responsible for lymphedema, hydroceles, and elephantiasis (4) .
To eliminate onchocerciasis and LF, mass drug administration (MDA) programs have been established to administer the antiparasitic drug ivermectin (IVM) for onchocerciasis and the combination of IVM and albendazole for LF. In Central Africa, individuals may be infected not only by O. volvulus and W. bancrofti but also by L. loa. Because IVM also acts on L. loa microfilariae (mf ), treatment with IVM can induce serious adverse events (SAEs) in individuals with high circulating levels of L. loa mf. When the levels exceed 30,000 mf/ml of blood, a potentially fatal encephalopathy can occur within 2 to 3 days after IVM administration (5), whereas long-term neurologic sequelae may occur in nonfatal cases. Individuals with more than 8000 mf/ml but less than 30,000 mf/ml are also at risk for SAEs, including temporary functional impairment that is primarily nonneurological and usually reversible (6) . Some antibiotics, such as doxycycline, are effective against O. volvulus and W. bancrofti owing to their activity against the bacterial endosymbiont Wolbachia present in the parasites, but these antibiotics have no effect on L. loa because it does not harbor Wolbachia. Furthermore, these antibiotics require a daily regimen over 6 weeks and thus are impractical for MDA campaigns (7) (8) (9) .
Loa-associated SAEs have led to the suspension of IVM-based MDA programs in areas highly endemic for co-incident L. loa infection, representing a major setback for onchocerciasis and LF elimination campaigns (5, 10) . A potential solution to prevent Loa-associated SAEs is to identify those Loa-infected individuals at the highest risk for SAEs (>30,000 mf/ml) and exclude them from IVM-based MDA programs. This strategy, termed "test and (not) treat," requires a quantitative test for L. loa mf that is rapid and inexpensive and can be performed accurately at the community level.
Existing methods for quantifying parasitic mf in blood are neither rapid nor suitable for point-of-care (POC) screening needed for MDA programs. The current "gold standard" involves manual counting of individual mf within a defined volume of blood in Giemsa-stained thick smears by a trained technician with a conventional light microscope (11) . Preparation and reading of slides require laboratory equipment not available in many field settings and typically take at least a day to complete, making throughput unacceptably low for use as part of MDA programs, where patient follow-up is not practical. Alternate methods of mf quantification have been developed, including molecular methods [for example, quantitative polymerase chain reaction (qPCR)] (12), but these methods are not only time-intensive but also require transportation of samples to a centralized laboratory facility, use of expensive equipment and reagents, and significant training, making them inappropriate for POC use. A new approach for rapid, POC quantification of L. loa mf load is needed.
Here, we present a mobile phone microscope that uses motionthe "wriggling" motion of individual mf-instead of molecular markers or stained morphology to count mf in whole blood. This approach eliminates the need for complex molecular assays or sample preparation and staining, allowing automated quantification in minutes as opposed to hours or days. We show using Poisson statistics that our approach can achieve a false-negative rate as low as a 1 in 10 million. We also show that quantitative results from our device are highly correlated with those from gold standard microscopy of patients evaluated in Cameroon. Use of this technology as a tool for screening patients before treatment could enable resumption of IVM-based MDA programs in Central Africa.
RESULTS
Automated counting of L. loa mf in whole blood We developed a rapid method for quantifying L. loa mf at the POC by video microscopy with a mobile phone. Our method is based on the wriggling motion of live L. loa mf, which can be seen in magnified time-lapse images of mf isolated from blood samples (Fig. 1A) (13) . We found that microfilarial movement can be detected in whole blood simply by observing the displacement of red blood cells surrounding the mf in a thin (200-mm) imaging chamber ( Fig. 1B and movie S1 ). This approach eliminates the need for preparation and staining of blood samples to make the L. loa visible, and it permits the use of digital image processing to detect motion and automate mf quantification.
To rapidly determine the number of L. loa mf in a magnified video of whole blood, we developed an image-processing algorithm that automatically identifies disturbances in the blood caused by moving mf (Fig. 1C and movie S2) . Briefly, the algorithm first subtracts subsequent frames of the video to generate a difference image, where regions of high intensity correspond to the motion of one or more mf. Using a local peak-finding routine, the algorithm then localizes and counts the number of mf within the 4 × 3.16 mm field of view (FOV) of the video. The algorithm was developed and optimized using a series of videos of L. loa mf in whole blood collected from patients in Cameroon.
Capturing L. loa microfilarial movement on a mobile phone To capture microfilarial motion on a portable device suitable for MDA program use, we designed a compact video microscope with automated sample movement based around an Apple iPhone 5s ( Fig. 2A) , which we refer to as the CellScope Loa. The CellScope Loa uses the camera of the iPhone coupled with a reversed iPhone camera lens module for imaging and a light-emitting diode (LED) array for illumination to form a simple bright-field video microscope with resolution of <6.5 mm over a 4 × 3.16 mm FOV (Fig. 2B) (14) . Wide-field imaging at this resolution was achieved by inverting a lens module from an iPhone 5s and positioning it adjacent to the iPhone 5s camera, resulting in an unmagnified image of the sample projected onto the phone's imaging sensor. Alignment of the mobile phone camera with the inverted lens module is achieved by sliding the unmodified mobile phone into a three-dimensional (3D)-printed plastic case in which the lens module is embedded. The case also enclosed the LED array, sample holder, and control electronics. The movement of L. loa mf (~200 mm in length) could be detected at any depth within a thin glass capillary (internal dimensions: 4 mm wide, 200 mm deep, and 50 mm long). A video taken of a single FOV could be used to quantify the number of moving mf within 2.59 ml of whole blood (Fig. 2C ). To screen a larger volume of blood, additional FOVs were captured along the length of A single frame of a video of mf in whole peripheral blood, as well as zoomed-in region of a single mf at 1, 2, and 3 s of the video. Arrows indicate differences in the images (see movie S1). (C) A single frame of a video taken of mf in whole peripheral blood, as well as difference image calculated by averaging, subtracting, and morphologically filtering subsequent frames of the video, and mf localized within the FOV, which were quantified using a peak-finding algorithm on the processed difference image.
the capillary by driving the capillary, which was secured within a 3D-printed plastic carriage, along a linear rail by a servo motor. The servo motor and illumination array were controlled by an Arduino microcontroller board that was itself controlled by the mobile phone via Bluetooth.
We wrote a custom iPhone app to control operation of the mobile phone microscope and enable one-touch counting of L. loa mf in whole blood (movies S2 and S3). After the capillary with whole blood was loaded and a sample ID was entered, the app moved the capillary into the device and focused on the first FOV. A 5-s movie was automatically captured and analyzed on the phone by the algorithm described above; the capillary was then moved to the next FOV to repeat the process for each FOV imaged. Each iteration of imaging and analysis took~10 s. After the final FOV is imaged, the results (mf/ml) are presented to the user. Total time from insertion of the capillary to presentation of results was <2 min. An additional minute was required to load fingerprick blood into the capillary and remove the capillary after test completion.
Statistical confidence in results from less than 15 ml of blood To determine the total blood volume that must be imaged to accurately exclude patients with high L. loa loads from IVMbased MDA, we considered the probability of observing k mf within a volume, v, given a true sample concentration r mf/ml (15) . According to Poisson statistics, the distribution of estimated Loa mf concentration k/v becomes more closely distributed around the true sample concentration r as the volume v increased (Fig. 3A) . As a result, for an individual patient, the probability that the true mf load is above the SAE threshold of 30,000 mf/ml but the estimated mf load based on the total number of imaged FOVs is below the treatment threshold-a false negative, which would lead to treatment of a patient at risk for SAE-decreases with increasing number of FOV (Fig. 3B) .
To estimate the rate of false negatives within the target population ("population false negative"), we constructed a probability density function of measured L. loa mf load within the target community from thick blood smears collected from 2000 patients in Okola, Cameroon, and read using manual gold standard microscopy ( Fig. 3C ). Integrating individual patient risk over the population, we estimated a false-negative probability for our mobile phone video microscope of less than 1 in 10 million patients (0.00001%) when imaging five FOVs, corresponding to a volume of 13.7 ml, using the SAE threshold of 30,000 mf/ml and a treatment threshold of 26,000 mf/ml (patients with measured mf loads above the treatment threshold are excluded from treatment) (Fig. 3D) . The false-negative probability could be decreased arbitrarily by further lowering the treatment threshold below the SAE threshold, at the expense of increasing false positives-patients whose true mf load is below the SAE but whose measured mf load causes them to be excluded from treatment (Fig. 3 , E and F).
Validation of automated screening of Loa-infected patients in Cameroon
To evaluate the accuracy and ease of use of the mobile phone video microscope, 33 potentially Loa-infected subjects in Cameroon were (A) A 3D-printed lid (i) aligns an isolated iPhone 5s cell phone lens module (ii) with the camera of a removable iPhone 5s (iii). A 3D-printed base (iv) positions a LED array directly beneath a capillary loaded with blood (v), which is mounted on a moveable carriage (vi). The carriage can slide along a single-axis rail driven by a rack coupled to its underside and a servo-mounted gear (vii), moving different regions of the capillary into the microscope FOV. An Arduino microcontroller board (viii) and a Bluetooth controller board (ix) communicate between the iPhone 5s, the servo, and the LED array. (x) A micro-USB (universal serial bus) port powers the device. (B) Simplified optical diagram of the microscope device. White light from the LED array illuminates the blood-loaded capillary. An isolated camera module from an iPhone 5s is inverted and positioned against the capillary. Light from the sample is collected by the inverted (objective) lens and then refocused by the optics of the iPhone 5s lens module onto the camera sensor. The capillary can be translated to position a new FOV into the optical path. (C) A video acquired by the device captures microfilarial motion from a known volume of whole blood within a rectangular glass capillary. A still frame from a video of whole blood is shown (movie S1). Scale bar, 1 mm.
tested with the CellScope Loa, and their results were compared with results obtained by manual gold standard microscopy of thick blood smears. This pilot study was approved by the National Ethics Committee of Cameroon, and tests were performed by both visiting scientists and local doctors and technicians. A flowchart of the procedure used for the test is shown in Fig. 4A . After obtaining written informed consent, the patient's peripheral blood from a fingerprick was drawn into two rectangular capillaries (2.59 ml each) and loaded into two devices to obtain duplicate measurements. The CellScope Loa operator initiated Loa mf counting with one touch in the custom app, and the device automatically collected, imaged, analyzed, and quantified five independent FOVs in less than 2 min (movie S3). Capillary blood was also collected from each patient to carry out gold standard smear microscopy and manual counting for comparison. Thick smears were made and dried after collection, and the samples were transported to a central laboratory for staining and reading by two independent technicians who were blinded to the results from CellScope Loa.
The mf load measured by the mobile phone video microscope correlated strongly with the results from manually counted thick blood smears of the same patients [correlation factor (r) = 0.99] (Fig. 4B ), indicating agreement with the gold standard method. Two blood smears read by two technicians and two capillaries read by two CellScope Loa devices were averaged for each patient. The absolute mf/ml Fig. 3 . Predicted counting statistics for L. loa diagnostic decisions. (A) For a patient with a load of 30,000 mf/ml, the distribution of observed mf/ml sampled in the small blood volume within the capillary obeyed Poisson statistics, such that any measurement of mf/ml load fell either below or above the true mf/ml. A treatment threshold defined the estimated mf/ml above which a patient was excluded from testing. If the true mf/ml was higher than the treatment threshold and the measured mf/ml was lower than the threshold, the measurement was a false negative (purple regions). (B) For a patient with a given true mf/ml, increasing the number of FOVs captured on the device decreased the probability of false negatives. (C) Probability density function of L. loa infection load within the target population around Okola, Cameroon (n = 2000). (D) Impact of increasing the number of captured FOVs on the probability of false negatives within the Okola population. To decrease the risk of false-negative tests, the treatment threshold can be lowered beneath the load at which severe adverse events are triggered (treatment threshold < SAE threshold of 30,000 mf/ml). Using a treatment threshold of 26,000 mf/ml over five observed FOVs yields a false-negative probability below 1 × 10 −7 (1 test in 10,000,000). (E) For a patient with a given true mf/ml, increasing the number of FOVs captured on the device decreases the probability of false positives. (F) Impact of increasing the number of captured FOVs on the probability of false positives within the Cameroonian population. To decrease the risk of false-positive tests, the treatment cutoff can be lowered beneath the load at which severe adverse events are triggered (treatment cutoff < SAE cutoff of 30,000 mf/ml). Using a treatment cutoff of 26,000 mf/ml over five observed FOVs yields a false-positive rate below 1 × 10 −3 (1 test in 1000).
count from the CellScope Loa was scaled by a constant linear factor (m = 0.43) relative to the thick blood smear (Fig. 4C) . We speculate that this difference is the result of a constant nonmotile fraction of the mf population that is seen in stained thick smears but not observable in our device, as well as a loading bias into the capillary due to its size and shape. Incorporating this scaling factor, the device achieved a sensitivity of 100% for patients above the SAE threshold of 30,000 mf/ml and a specificity of 94% relative to thick blood smear. There were zero false negatives (patients with an actual microfilarial load over 30,000 mf/ml that CellScope Loa counted as below the treatment threshold of 26,000 mf/ml) and two false positives (patients with an actual mf load below 30,000 mf/ml that CellScope Loa counted as above the cutoff of 26,000 mf/ml). Automated counts made by the motion detection algorithm also correlated with those from manual counts of the same movies from two blinded observers (r = 0.99; Fig.  4D ), and the output of the two duplicate CellScope Loa tests was highly correlated (r = 0.96), indicating repeatability of the test (Fig. 4E) .
Together, these results demonstrate that rapid and accurate quantification of moving L. loa mf in peripheral blood is possible at the POC.
DISCUSSION
The CellScope Loa builds on recent progress using mobile phones for image-based diagnostics (14, (16) (17) (18) (19) and is the product of an iterative development process in collaboration involving engineers, clinicians, (Fig. 4C) . Results from two thick blood smears are also averaged. r = 0.99. Purple region corresponds to false negatives (that is, patients whom CellScope Loa assessed with 99.99% certainty were under the SAE threshold but were actually over the threshold as assessed by blood smear). Blue-shaded region corresponds to false positives (that is, patients whom CellScope Loa could not confidently guarantee were under the SAE threshold of 30,000 mf/ml but actually were under the SAE threshold as assessed by blood smear). The lower left quadrant corresponds to true negatives (that is, patients whom CellScope Loa assessed with 99.99% certainty were under the SAE threshold and were also under the SAE threshold as assessed by blood smear). The upper right quadrant corresponds to true positives (that is, patients whom CellScope Loa determined were above the SAE threshold of 30,000 mf/ml and were confirmed to be over the SAE threshold as assessed by blood smear). and local health workers in Cameroon. The screening technology presented here takes advantage of the decreasing cost and increasing computational and imaging capabilities of mobile phones to create a mobile phone video microscope that provides rapid and accurate quantification of L. loa mf at the POC. By detecting microfilarial motion in whole blood rather than staining for morphology or screening for molecular markers, our device can provide results in minuteswhile the patient remains in the testing area before receiving treatment-and requires neither substantial training on the part of the health care worker nor a custom disposable element. Pilot testing in Cameroon demonstrated excellent correlation (r = 0.99) with gold standard microscopy. By using a treatment cutoff (26,000 mf/ml) below the SAE cutoff (30,000 mf/ml), we could ensure a low false-negative rate at the expense of an increased false-positive rate, as reflected in our pilot study where there were zero false negatives and two false positives. Because the consequences for false negatives are much greater than for false positives, use of a treatment cutoff may be an effective strategy for minimizing SAEs in IVM-based MDA programs in Central Africa.
In addition to diagnostic speed and accuracy, our mobile phone video microscope offers several important advantages for POC mf quantification over manual gold standard microscopy and PCR. First, no sample preparation of the blood is required-simply a fingerprickthus limiting the potential for staining and dilution errors and sample loss during handling. Second, the primary consumables used for each patient are a single glass capillary and a lancet, both off-the-shelf items, ensuring that the recurring cost of testing is low (<$1). In addition to one-touch imaging and mf quantification, the CellScope Loa app manages patient information, records test results, and uploads data to an off-site server for long-term storage and quality assessment. Use of automated image collection and processing avoids issues that affect the reliability of human readers, including fatigue and distraction, and the device can be operated with minimal training, an important consideration in a large MDA program. In addition, this device provides an immediate way to collect and organize individual subject data and to track metadata, such as mf loads at different geographic locations, for subsequent epidemiological analysis.
The CellScope Loa device design reported here, which uses an automated sample stage and a compact reversed-lens optical system (14) , was built to address issues identified during field testing of our initial prototype mobile phone video microscope, which used a manual stage and was based on a previously developed folded objective-based system (19) . In the prototype, blood was loaded into the same capillary for imaging, but the capillary was advanced by manually turning a wheel. On the basis of initial tests in Cameroon, we found that only 85% of the videos from the initial prototype (200 total videos) could be successfully analyzed, as opposed to 98% with the automated device presented here (not counting automatically excluded videos). The failure modes were (i) residual flow in the capillary that led to miscounting of mf (73% of errors), (ii) incorrect focus or illumination (15% of errors), and (iii) bumps of the device and inappropriate manual capillary advancement (12% of errors). To address these failure modes, here, we (i) implemented flow detection in the automated analysis algorithm to exclude regions of the video with high residual flow; (ii) implemented automated illumination and focus control and enclosed the sample imaging area so the device could be used outside in daylight; and (iii) made the device smaller and more stable to avoid image artifacts caused by accidental bumps, as well as automated image collection and sample scanning to minimize errors caused by inaccurate or incomplete advancement of the capillary. We also modified the software user interface to enable one-touch completion of the assay (movies S2 and S3) and improved the video analysis software to increase accuracy and avoid blood movement artifacts identified in movies taken with the initial prototype. Testing of the initial prototype by health care workers in field settings was a critical part of the design process that resulted in the automated CellScope Loa presented here.
Our device differs from other mobile phone-based diagnostics in that it combines video microscopy with automated sample scanning and a field-validated onboard quantitative detection algorithm in a compact and portable design that is easy for minimally trained health care workers to use. The CellScope Loa device presented here could also be useful for screening and quantification of other motile bloodborne infectious agents, such as trypanosomes and other filariae. W. bancrofti, expected to be found in numbers up to 1000 mf/ml, could possibly be detected by performing a similar assay at night, when their mf are at their peak in the peripheral circulation. Mansonella perstans, which has no periodicity, would be difficult to differentiate from L. loa with our assay. However, heavy parasitemia of M. perstans is very rare and thus would be unlikely to have a significant influence on the clinical decision made about a patient with an L. loa load of 30,000 mf/ml. Further studies would be necessary to determine whether mf could be speciated by the motion patterns they produce. Only a single trypanosome would likely be seen within the volume of this particular assay and would exhibit a significantly different movement pattern, limiting the potential for skewed L. loa quantification by the presence of trypanosomes. However, a modified image-processing algorithm and assay incorporating sample concentration or larger volumes may be useful for detecting trypanosomes.
Mobile phone-based mf quantification has the potential to enable safe and effective MDA control programs for onchocerciasis and LF at the POC in regions where L. loa is endemic. Using the CellScope Loa, a team of three individuals could screen up to 200 patients during the 4-hour (10 a.m. to 2 p.m.) window when L. loa circulates at its peak in peripheral blood (1) . Target areas for use of the technology include regions co-endemic with Loa and other filariae, including parts of Nigeria, Cameroon, Central African Republic, Democratic Republic of the Congo, Congo, and Equatorial Guinea (5). Scale-up of the technology for broader use will require development beyond the prototype presented here, including design for manufacturing and cost reduction engineering, as well as additional testing to verify performance of a production device. Although few existing regulatory barriers beyond approvals already obtained would prevent the use of this technology as part of an MDA program, U.S. Food and Drug Administration (FDA) approval would be needed if the device were to be used in the United States. To date, the FDA has approved multiple mobile phone-based medical devices, setting a precedent for the use of mobile phones in regulated health care applications (20) . The device reported here provides an example of how mobile phone technology can be used to address critical gaps in the treatment of neglected tropical diseases.
MATERIALS AND METHODS

Study design
We evaluated L. loa mf density in whole blood of 33 Loa-infected subjects from the region surrounding Yaoundé, Cameroon, using the mobile phone video microscope. Protocols for this pilot study were approved by the National Ethics Committee of Cameroon (Yaoundé, Cameroon), and written informed consent was obtained for each subject. Rules for stopping data collection after 300 subjects, over a number of discrete trails, were in place. Data from a subset of these subjects, comprising the complete initial trial of the CellScope Loa, are presented here. Study requirements were that individuals were living in an L. loa-endemic region and were willing to participate, were greater than 6 years old, and were able to give consent (or, in the case of minors, assent with consent of parent/guardian). A disposable lancet was used to prick the finger of each patient, and peripheral blood from the fingerprick was drawn into two rectangular capillaries. Each capillary was loaded into a device, and a series of videos were taken and analyzed by the mobile phone software app. Blood was also obtained from each patient for analysis by the gold standard (thick-smear) method for mf quantification. The 2 min needed to screen a patient for SAE risk with the mobile phone video microscope included time to fill the capillary with blood, load the capillary into the microscope, trigger the software app to collect a series of videos, and receive the results from automated image processing.
Of the 300 (5 or 10 videos per patient, 33 patients) videos collected in this study, 16 videos, from 4 patients, were excluded from this analysis. Ten videos from two patients were automatically rejected by the algorithm for inconsistent counts between FOVs. An additional six videos were excluded manually, five due to an illumination malfunction likely due to a poor solder joint and one due to a malfunction with the camera initialization in software. The six manual exclusions were made after the scaling factor was calculated; if the scaling factor were instead calculated after the exclusions, it would have been 0.45. Both malfunctions have been fixed by repairing the wiring and installing a software update. All videos used in the data analysis followed a standard protocol where freshly drawn blood was analyzed.
Mobile phone video microscope
The mobile phone video microscope used in this study, which we refer to as the CellScope Loa, was built from a reversed iPhone camera lens module, a linear rail and carriage (McMaster-Carr), a hobby servo (Hitec 8045), an Arduino Micro (Adafruit), a Bluetooth communication Board (RedBearLab), and a 3D-printed plastic body (Fig.  2, A and B) . The 3D-printed body aligned the iPhone 5s camera over the lens module. All 3D-printed parts were produced on a Dimension uPrint 3D printer and required a printing resolution of 200 mm. A glass capillary (VitroCom) was press-fit into a 3D-printed holder. When inserted into the device, this holder was held in the correct position by a pair of neodymium magnets. The servo and linear rail then translated the sample across the lens by one FOV when triggered by the iPhone over Bluetooth. Custom control software for the Arduino was written in C. All software is available in a public GitHub repository (www.github.com/cellscopeloa).
Mobile phone software app
The software was created using the Apple developer tools, although similar applications could be written in multiple other languages based on the steps outlined below. A mobile app running on the iPhone 5s guides the user to load the sample into the device and acquire a series of 5-s videos, one for each new FOV along the capillary. Image processing (described below) of the videos to identify mf begins immediately upon acquisition, and when finished, the app presents the user with a summary of the test results (counted mf, treat or not treat). Each video is stored on the phone along with the results of the counting algorithm. The date and time of acquisition, current global positioning system (GPS) coordinates, and a unique patient identifier are also stored with the test results. All results can be uploaded from the field to a password-protected central database, where they are immediately available for further analysis or quality control. After the movies were taken, the app automatically began processing them in the background using the algorithm described below.
Automatic image processing to detect mf motion The algorithm first subtracted subsequent frames of the video and summed them to generate a single difference image. From that summed difference image, the background was estimated by taking the lowest value after it was blurred using a convolution operation with a 5 × 5 Gaussian kernel to smooth image noise. The original 5-s video was divided into five 1-s videos, and a summed difference image is created for each 1-s video. These 1-s summed difference images were blurred using a median filtering and a 5 × 5 Gaussian convolution operation to smooth image noise. A second convolution with a mean-subtracted Gaussian is applied to enhance worm-like difference fields. The algorithm then uses a local peak-finding routine to scan the entire image with a 17 × 17 pixel box, designed to allow each mf to have only one maximum, and sums the number of independent positions within the FOV. Farnebäck motion estimation can optionally be used to detect directional flow within the capillary and eliminate false worm identification, and was used for the results reported in this paper (21) . This process was repeated for all five 1-s summed difference images, and the average number of mf was reported. This algorithm was implemented using the C++ interface for OpenCV 2.4 and run on the iPhone 5s.
Statistical analysis of volume imaged
Each video from the mobile phone microscope samples a region of the capillary that contains 2.59 ml of whole blood. We sought to understand how the probabilities of false negatives and false positives were affected by examining larger volumes of blood, achieved by imaging multiple FOVs. For each patient with a mean density of mf/ml, r, there exists a true mean N = rv that corresponds to the mean number of mf contained within an observation volume of blood, v. The probability that a measured number of mf, k, is observed within a volume, v, from a sample with a true mf density, r, derives from a Poisson probability distribution around the true mean N:
The probability that an observation k falls between 0 and an upper value, u, is computed:
Probðk; N Þ To compute the probability of a patient's true mf density, r, falling above the SAE threshold of 30,000 mf/ml when the observed number of mf k within the observation volume v is below a given "no treatment" threshold, t, within that same observation volume (false negative), we integrate across all observations (k, N) for all possible N, weighted by the probability of N within the target population: ProbðN Þ*Probðk;N Þ Similarly, we compute the probability that a patient's true mf density, r, falls below the SAE threshold of 30,000 mf/ml, whereas the observed number of mf k is above the no treatment threshold t (false positive) according to: 
